ABSTRACT This paper presents a novel wide-band filtering three-port coupler with inherent DC-blocking function, which is simply comprised of a power divider with wideband filtering function and a broadband phase shifter with a modified coupled line. For demonstration, a designed prototype operating at 3 GHz is simulated, fabricated, and measured. From the simulated and measured results, the coupler shows a 49% filtering bandwidth with 12-dB return loss and 90 • ± 5 • phase shifting. The amplitude imbalance between the two output ports is less than 0.5 dB. The all-passband isolation is below −13 dB and the 25.7-dB upper stopband rejection is up to 5.4 GHz. Good agreement between the simulated and measured results validates the proposed idea. Hence, the proposed coupler is well suited for the applications of wideband, filtering, and single-layer circuitry integration.
I. INTRODUCTION
Hybrid couplers with 180 • or 90 • phase difference play an important role in the radio frequency (RF) field and the microwave field. It is widely used in microwaves and a variety of different wireless communication systems, especially for balanced power amplifiers, balanced mixers and various antenna feed networks. Specially, the 90 • hybrid coupler is widely used in multi-feed circularly polarized (CP) antennas [1] - [3] , Doherty amplifiers, image rejection mixers, etc. In recent years, as the key component of the RF front end, couplers and filters are in increasing demand of being low loss, widely tunable, compact structure, low cost, and convenient installation. In order to further suppress the interfering signal of the frequency/microwave front end, the coupler is usually connected in series with the filter, which results in a bulky circuit size and high insertion loss. Due to high frequency selectivity and miniaturization, microwave devices with filtering performance have been extensively studied [4] - [7] .
To meet the requirement of wide-band communication systems with circularly polarized antennas, many efforts have been made to broaden the bandwidth of hybrid couplers [8] - [14] . Owing to the fact that the conventional branch-line directional coupler is only suitable for narrow-band systems [8] , the multi-section branch-line topology and defected ground structure have been presented for enhancing bandwidths [9] - [11] . However, it is noted that the cascaded multi-section structure occupies large circuit area. In [12] , an improved branching line coupler on a single-layer circuit board is proposed, but this coupler still has a complex circuit board structure. The broadside coupled microstrip/slot couplers can operate over ultra-wideband, but the threelayer structures may increase circuit complexity and cause incompatibility with other components during circuit integration [13] , [14] . The single-layer edge-coupled microstrip couplers are simple in structure and low in cost, but the bandwidth is less than 25% [15] , [16] .
Some three-port couplers consisting of balanced power dividers and phase shifters also achieve significant characteristics of the hybrid circuits. A variety of RF devices can be implemented through a combination of different balanced power dividers [17] - [22] and phase shifters. In [23] , a wide-band planar balun includes a two-way Wilkinson power divider and a broad-band 180 • phase shifter has been presented. In [24] and [25] , the hybrid coupler consists of a wideband power divider and a wideband 90 • phase shifter to achieve wideband performance. Nevertheless, they did not implement filtering performance and all-passband isolation that might lead to some interfering signals at the RF front end. To the best of authors' knowledge, there are few studies on broadband hybrid couplers with filtering performance and DC-blocking function in complex multi-function systems.
In this paper, a wide-band filtering three-port coupler with inherent DC-blocking function is proposed and developed. The coupler consists of a broadband power divider with filtering performance [26] and a wideband 90 • phase shifter [27] . For the proposed hybrid coupler, the simulated and measured results show that the operational bandwidth (2.1-3.57 GHz) over 12-dB return loss is approximately 49%. Moreover, the upper stopband of the proposed coupler is extended up to 5.4 GHz with the suppression level above 25.7-dB and the all-passband isolation is below −13 dB. The proposed wideband filtering coupler has a wide bandwidth, high all-passband isolation, an excellent out-band rejection, and DC-blocking between two output ports. For verification, the microstrip prototype is simulated, fabricated, and measured. Good agreement between the simulated and the measured results validate the proposed design concept. Fig. 1 shows the circuit model of the proposed wide-band filtering three-port coupler, which is composed of a wideband filtering power divider and a wide-band coupled-line phase shifter. 
II. THEORETICAL ANALYSIS

A. FILTERING POWER DIVIDER
For the filtering power divider (FPD), it comprises cascaded coupled-line sections (CLs) with tight coupling and half-wavelength open-circuit stubs (OCSs). The designed OCS introduces extra transmission poles (TPs) and transmission zeros (TZs) at the cut-off frequency to obtain a wide stopband and enhance the high frequency selectivity. In addition, two cascaded CLs can extend the impedance transforming. Note that a single resistor is utilized to achieve the high all-passband isolation between input CLs. By using traditional even-/odd-mode analysis to simplify the circuit structure, we obtain the S-parameters of the FPD. The corresponding even-/odd-mode equivalent circuits are shown in Fig. 2 . In the even-/odd-mode equivalent circuits, for simplification we have assumed that [26] where the subscript e and o denote the even-and odd-mode, respectively. Based on (1a) and (1b), the even-/odd-mode input impedances of the wideband filtering coupler with the left-and right-hand side excitation can be derived as:
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where θ is the electrical length of CLs and Z ELin1 , Z ERin1 , and Z ORin1 can be obtained through [26] . Therefore, the reflection coefficient in e at the input port 1 and the corresponding reflection coefficient out e and out o at the output port 2 can be calculated as:
where Z S is the source impedance and Z L denotes the load impedance. Additionally, the values of Z S and Z L are 50 .
The S-parameters can be found through the reflection coefficients of the even-and odd-mode equivalent circuits.
Therefore, when the electrical length of CLs is θ = π /2 at the center frequency f 0 = 3 GHz, it can satisfy the input matching S 11 with broadband filtering performance and high isolation (S 23 = 0). Then, based on (8) and (9), we can get the electrical lengths of the half-wavelength OCSs.
B. WIDE-BAND COUPLED-LINE PHASE SHIFTER
For the wide-band coupled-line phase shifter, we assume the parameter ρ in (10) is used to denote the coupling strength of the coupled line [27] . The circuit configuration of the phase shifter is shown in Fig. 3 .
FIGURE 3. Circuit configuration of the proposed wide-band coupled-line phase shifter [27] .
Then, the odd-and even-mode characteristic impedances Z e3 and Z o3 can be written as:
where Z m is the image impedance and the coupling coefficient of the coupled line can be expressed as:
Then, the phase difference is presented as:
Moreover, the bandwidth of the phase deviation can be estimated by the slope (K ) of phase difference at the center frequency f 0 = 3 GHz.
III. PARAMETER ANALYSIS
In this section, we discuss about the influence of R, Z c , Z e3 , and Z o3 on the overall performances involving in-band return loss, all-passband isolation, stopband suppression, and phase difference. Furthermore, we will see the effect of the proposed coupler with/without OCSs on circuit bandwidth, phase deviation and filtering performance. As depicted in Fig. 4 , the proposed wideband filtering coupler with different free variables (R, Z c , Z e3 , and Z o3 ) is designed and simulated. The S-parameters as a function of the frequency for the proposed wideband filtering coupler with optimal impedances of Z e1 = 154 ,
, and θ = π /2. In order to obtain wideband and high isolation, R can be tuned and the optimal parameter of R can be obtained as shown in Fig. 4(a) . From Fig. 4(a) , when R increases from 50 to 197 , the in-band return loss is improved. However, as the value of R increases to 500 , the return loss of the proposed coupler is getting worse. In addition, the isolation becomes worse as R decreases from 197 to 50 . Therefore, the value of R is optimized as 197 for the desired in-band bandwidth and the all-passband isolation. Fig. 4(b) shows how the values of Z c affect the performances of return loss and isolation with R = 197 . Moreover, the analysis of Z c is similar to R and the optimal Z c should be found by the tuning process. It can also be seen that the value of Z c changes from 10 to 28 , the in-band bandwidth increases significantly despite the deterioration of the isolation. It's easy to find that the bandwidth increases when the value of Z c continues to increase to 35 , the in-band return loss is reduced. From the above, the optimal value of Z c is 28 . Based on the above analysis and conclusions we can obtain from Fig. 4(c) the effect of Z e3 , and Z o3 on the S-parameters and phase difference of the circuit as well. In Fig. 4(c) , Z e3 = 30 and Z o3 = 20 perform widest bandwidth although the inband return loss and ±5 • phase variation are unsatisfactory. With Z e3 and Z o3 increase, the bandwidth and phase shift of the coupler are improved. It can be seen from Fig. 4(c) that when Z e3 = 46 , and Z o3 = 28 , the coupler's bandwidth and phase shift characteristics achieve the best performance. Combining with (10), (11) in Section II, we can get the values of Z m and ρ are 35.94 and 1.64, respectively. Fig. 5(a) shows the changes of S-parameters for the proposed coupler with/without OCSs using the same optimal impedances as Fig. 4 . When the proposed broadband filtering three-port coupler with OCSs, the bandwidth of 15-dB return loss is 49% ranging from 2.1 to 3.57 GHz and the all-passband isolation is below −18.6 dB. However, for the proposed coupler without OCSs, the in-band return loss is >15 dB with only 13% in the 2.8-3.2 GHz frequency band. Thus, the performance indexes involving the filtering performance, out-of-band rejection, and in-band insertion loss are significantly improved with the loaded OCSs. Additionally, the half-wavelength OCSs can expand the bandwidth and improve the skirt selectivity with no additional insertion loss by adding extra TPs at the cut-off frequency. In Fig. 5(b) , the differential phase shift of 90 • ± 5 • has been obtained with/without OCSs. Obviously, the phase shift bandwidth of the proposed wideband filtering coupler can't be affected by the half-wavelength OCS. 
IV. CASE ANALYSIS
By using of Advanced Design System (ADS) software, three typical cases are designed and simulated to verify our proposed analytical design approaches and circuit structure. All the circuit parameters and functions for three different design alternatives are listed in Table 1 . Moreover, Fig. 6 illustrates the corresponding scattering parameters and phase information. It is worth noting that the lumped resistor R applied to obtain high wide-band isolation between the two output ports (ports 2 and 3).
Above all, Fig. 6(a) shows the simulated 15-dB in-band return loss bandwidth of the coupler in the proposed case A is about 56.7% from 2.15 to 3.85 GHz and the all-passband isolation is better than 18.6 dB. Furthermore, the out-of-band rejection of the coupler is less than −33.7 dB. As observed in Fig. 6(b) , the bandwidth of case B is added to 71% from 1.94 to 4.07 GHz by mainly increasing the value of the characteristic impedance for the half-wavelength OCSs and slightly adjusting the value of R, whereas the all-passband isolation and the out-band rejection are declined to −17 dB and −22.86 dB, respectively. Compared with case A, the allpassband isolation is reduced to −18 dB and the stopband suppression is declined to −29.56 dB for case C. However, the in-band return loss of case C can be improved to 20 dB with a bandwidth of 45%, which is only changed by the tight degree of the input CLs. Moreover, the bandwidth of 15-dB in-band return loss is about 56.7% which is similar to case A. As illustrated in Fig. 7 , it is observed that the phase difference between ports 2 and 3 of the three cases are 90 • ±2 • in the frequency bandwidth and these three cases achieve an excellent in-band return loss (|S 11 |), and a high isolation (|S 23 |). Additionally, they all showed a good filtering performance.
V. IMPLEMENTATION AND MEASURED RESULTS
For further demonstrating the proposed theory and method, we have selected one of the cases in Section IV, i.e. case A operating at the center frequency f 0 of 3 GHz in Fig. 6(a) . A Rogers RO4350B substrate featuring a dielectric constant of 3.48, a thickness of 1.524 mm, a loss tangent of 0.0037 is selected for the coupler development. 
FIGURE 7.
The phase difference of the ideal simulated S-parameters for typical three cases. Fig. 8(a) shows the photograph of the fabricated coupler with the detailed dimensions. Note that the radius of via hole is 0.8 mm and all the dimensions are shown in Table 2 . The photograph of the fabricated planar circuit board (PCB) is demonstrated in Fig. 8(b) . The ideal and electromagnetic (EM) simulations are performed by ADS software, and the measured results are obtained by the vector network analyzer of ROHDE&SCHWARZ ZVA8. Fig. 9 illustrates the EM simulations and measured results. As shown in Fig. 9(a) , the bandwidth of the measured 12-dB return loss is about 49% from 2.1 to 3.57 GHz. The bandwidth for phase shifting with ±5 • phase variation is from 2.1 to 3.54 GHz with a fractional bandwidth of 48% and is covered by the 12-dB return loss bandwidth. It can be seen from the measured results that both S 21 and S 31 have good broadband filtering performance in the passband. The magnitudes of transmission coefficients S 21 and S 31 coincide with each other in the bandwidth from 2.1 to 3.6 GHz. Then the stopband rejection compared with S 21 , which can reach 28.7 dB. Besides, the measured isolation is below −13 dB across the entire passband. Moreover, the 45 dB-attenuation rate is introduced as [(45 dB-4 dB)/(f 45dB -f 4dB )] to display the extreme sharp skirt selectivity. Then, the 45 dB-attenuation rate for the lower and upper side of the stopband are about 95.35 and 82, respectively.
Furthermore, the ±5 • phase difference between the two output ports was observed over the operating bandwidth as shown in Fig. 9(c) . Note that the maximum insertion loss of S 21 and S 31 is less than 3.9 dB and the magnitude difference between ports 2 and 3 is negligibly small. The simulated and measured results show that the operating bandwidth defined by the return loss depends mainly on the parameter |S 22 |.
The EM simulations and measured results reveal a very good agreement. The reason for the little discrepancy between the simulated and the measured results is the junction discontinuities and the tolerance in fabrications.
In comparison with other reported work in this field, the proposed wideband filtering coupler has a wide bandwidth, good in-band return loss, high all-passband isolation and an excellent out-band suppression. The comparison data are shown in Table 3 . The bandwidths of the other work are slightly higher than the designed coupler, however, by appropriately increasing the value of the half-wavelength OCSs characteristic impedance and adjusting the value of R the proposed coupler can achieve a similar bandwidth as shown in case B. In addition, compared to the previous works, the designed coupler increases filtering bandwidth and improves selectivity by increasing extra TPs. Moreover, the designed circuit has an enhanced DC-blocking function.
VI. CONCLUSION
A novel wide-band filtering three-port coupler with inherent DC-blocking function is proposed. The coupler consists of a broadband filtering power divider and a wide-band phase shifter, which features wide band and filtering performances, flat phase difference, and inherent DC-blocking function between two output ports. Three numerical cases were designed and simulated in the paper and one of the cases was actually processed. A design example with a 12-dB bandwidth of 49%, an excellent filtering performance, 25.7-dB out-of-band rejection up to 5.4 GHz, and 13-dB isolation across the entire band experimentation was verified by simulation and experimentation. Finally, a good agreement between simulation and measurement validates that the proposed coupler has a fully promising application in multi-feed CP antennas and systems for modern wireless communication. In 1984, he joined the 26th Institute of Electronic Ministry of China to develop the inertia navigating system. In 1992, he began his first postdoctoral position at the EMC Laboratory, Beijing University of Posts and Telecommunications (BUPT), Beijing, China. In 1995, he started his second postdoctoral position at the Broadband Mobile Laboratory, Department of System and Computer Engineering, Carleton University, Ottawa, ON, Canada. Since 1997, he has been a Professor with the Wireless Communication Center, College of Telecommunication Engineering, BUPT, where he is involved in the development of next-generation cellular systems, wireless LAN, Bluetooth application for data transmission, EMC design strategies for high-speed digital systems, and EMI and EMS measuring sites with low cost and high performance. VOLUME 7, 2019 
